The basic mechanisms of sulfotransferase (SULT) catalysis are not yet well understood. Results: A complete, quantitative model of human SULT2A1 catalysis is constructed. Conclusion: The model resolves extant ambiguities and establishes a catalytic paradigm for the SULT family. Significance: SULTs regulate the functions of thousands of signaling small molecules. Understanding their mechanisms is fundamental to understanding their biological functions.
Human cytosolic sulfotransferases (SULTs) 2 are extensively involved in regulating metabolism, and their activities are tightly, causally linked to disease (1) (2) (3) (4) (5) . These broad specificity enzymes transfer the sulfuryl moiety (-SO 3 ) from a universal donor, 3Ј-phosphoadenosine 5Ј-phosphosulfate (PAPS), to the hydroxyls and primary amines of thousands of acceptors: endogenous metabolites, signaling small molecules, drugs, and xenobiotics (6 -10) . Sulfonation regulates the activities of com-pounds by altering, often dramatically, their affinities for their targets (5, 10, 11) , and controls their half-lives by increasing their plasma solubility and targeting them for degradation (12) (13) (14) . Sulfatases hydrolytically remove the sulfuryl moiety and the in situ balance of SULT, and sulfatase activities determine the activity of a compound in the cell.
Although much is known of the ways in which sulfonation regulates metabolism, the biology of sulfuryl transfer is far from fully understood. Receptors whose ligands are regulated by sulfonation include steroid (4, 15, 16) , thyroid (5) , peptide (17) , pheromone (18) , and dopamine receptors (7) . Lymph circulation (6) , aspects of the immune system (19) , hemostasis (20) , and growth factor recognition (21) depend critically on precise positioning of the sulfuryl group. Human diseases linked to atypical sulfonation include Parkinson disease (22) , cystic fibrosis (23) , hemophilia (24) , heart disease (25) , and obesity (15) . These lists, which are far from complete, emphasize the ubiquity and importance of the modification.
Fundamental to understanding the functions of an enzyme is an understanding of its mechanism. Enzyme mechanisms evolve to satisfy the requirements of the cells and organisms that depend on them. As such, they often provide deep insights into the inner workings of biology. SULT mechanisms have been studied for decades, yet a clear consensus has not been reached on several basic mechanistic issues; the order of binding remains unresolved, and numerous mechanisms have been offered to explain substrate inhibition (26 -34) . The rate-determining step in the mechanism has not been determined for any SULT, and the molecular basis of half-site reactivity in these systems remains unknown. To address these issues, the complete kinetic mechanism of the human SULT2A1 was determined. This isozyme regulates the binding of steroids to their receptors and detoxifies steroid-like xenobiotics. Using a series of experimental approaches (stopped-and quenched-flow, initial rate studies, advanced modeling, and isotope trapping), microscopic rate constants were determined for each of the 11 steps in the mechanism. This set of constants accurately predicts complex behavior of the enzyme, initial rate parameters, substrate inhibition, burst rates, and amplitudes, and identifies the rate-determining steps in both the substrate-inhibited and the uninhibited mechanisms. This complete rate constant level description of the mechanism is the first of its kind in the SULT field. It resolves existing mechanistic disparities and offers a robust, definitive model that can serve as a mechanistic paradigm for the SULT family.
EXPERIMENTAL PROCEDURES

Materials
The materials and their sources are as follows: dehydroepiandrosterone (DHEA), DTT, EDTA, imidazole, isopropyl-thio-␤-D-galactopyranoside, LB medium, lysozyme, ␤-mercaptoethanol, pepstatin A, and sodium phosphate were obtained from Sigma. Ampicillin, HEPES, KOH, MgCl 2 , NaCl, KCl, and PMSF were purchased from Fisher Scientific. Glutathione-and nickel-chelating resins were obtained from GE Healthcare. Competent Escherichia coli (BL21(DE3)) was purchased from Novagen. Dehydroepiandrosterone sulfate (DHEAS) was obtained from United States Biological Life Sciences. PAP and PAPS were synthesized in-house as described previously (16) and were Ն98% pure as assessed by anion-exchange HPLC.
Methods
Protein Purification-The SULT2A1 expression plasmid (35) contains a triple affinity tag (His/GST/MBP, where MBP is maltose-binding protein) at the 5Ј terminus of the 2A1 coding region. The enzyme was expressed in E. coli BL21(DE3) and purified according to a published protocol (36) . Briefly, enzyme expression was induced with isopropyl-thio-␤-D-galactopyranoside (0.50 mM) in LB medium at 16°C for 18 h. The cells were pelleted, resuspended in lysis buffer, sonicated, and centrifuged. The supernatant was loaded onto a chelating Sepharose Fast Flow column charged with Ni 2ϩ . The enzyme was eluted with imidazole (10 mM) onto a glutathione-Sepharose column and then eluted with glutathione (10 mM). The tag was removed from the enzyme by PreScission protease cleavage and separated from the enzyme using a glutathione resin. Finally, the protein was concentrated using a Millipore ultrafiltration disc (Ultracel, 10 KDa). Protein concentration was determined by the Bradford method (37), and enzyme was flash-frozen stored at Ϫ80°C.
Pre-steady State Binding Study-Pre-steady state binding experiments were performed using an Applied Photophysics SX20 stopped-flow spectrometer. The rate constants for binding of ligands to enzyme were determined by monitoring changes in the intrinsic fluorescence of the enzyme (35) . SULT2A1 fluorescence was excited at 285 nm and detected above 320 nm using a cutoff filter. A solution containing enzyme, MgCl 2 (5.0 mM), and NaPO 4 (25 mM), pH 7.2, was rapidly mixed (1:1) with a solution that was identical except that it lacked enzyme and contained ligand. Solutions were thermally equilibrated at 25 Ϯ 2°C prior to mixing. All reactions were pseudo-first order with respect to ligand. Independent progress curves were averaged to obtain the data sets used to derived apparent rate constants (k obs ) by fitting to single-exponential functions using the Applied Photophysics Pro-Data analysis software (Marquardt fitting algorithm). k obs values were determined at four ligand concentrations, and the on-and off-rate constants were obtained by linear least squares analysis of k obs versus [ligand] plots.
Isotopic Trapping of [ 3 H]DHEAS-A pulse solution (20 l) containing SULT 2A1 (30 M, 27 ϫ K d ) and [ 3 H]DHEA (1.0 M, 0.9 ϫ K d , specific activity 95 Ci/mmol) was mixed with a chase solution (980 l) containing PAPS (0.10 mM) and unlabeled DHEA (25 M). The solutions contained MgCl 2 (5.0 mM) and NaPO 4 (50 mM), pH 7.2, and were equilibrated at 25 Ϯ 2°C prior to mixing. 3 s after mixing, the reaction was quenched by the addition of NaOH (0.20 M, final). NaPO 4 (50 mM, pH 7.2) was added to neutralize the base. Chloroform extraction was performed twice to remove the nonsulfated acceptors. Sulfated acceptor in the aqueous phase was quantified using a PerkinElmer W450624 scintillation spectrometer. Total counts were corrected by subtraction of residual aqueous [ 3 H]DHEA counts (Յ1%) that were determined in control experiments in which enzyme was absent.
Quenched 2) was added to neutralize the base and increase the solution volume to 200 l. Nonsulfated acceptors were removed by extraction with 1.0 ml of chloroform. The aqueous phase was carefully removed and extracted again with 1.0 ml of chloroform. Sulfated acceptor in the aqueous phase was quantified using a PerkinElmer W450624 scintillation spectrometer. DHEA was the concentration limiting substrate in all cases, and its consumption was Յ5% of that consumed at the end point of the reaction. The experiments were performed duplicate.
Kinetic Modeling-Data fitting was performed with Gepasi (38) . Simulations using the constants in Table 1 were performed with ENZO (39).
RESULTS AND DISCUSSION
The Ligand Binding Rate Constants-To begin to assemble a complete and quantitative mechanism of SULT2A1 catalysis, the microscopic rate constants for each ligand binding step were determined using stopped-flow fluorescence. SULT2A1, like most SULTs, undergoes significant (15-30%) changes in intrinsic fluorescence upon binding of either nucleotide or acceptor. As an example, the real-time binding of PAP to the E⅐DHEA complex is shown in Fig. 1A . Similar experiments were performed for every combination of ligand and complex. All binding reactions were performed under pseudo-first order conditions and were well described by a single exponential model. k obs values were obtained from single-exponential fitting of progress curve at each of four ligand concentrations, and k obs versus [ligand] plots were used to obtain k on and k off . A representative k obs versus [ligand] plot is presented in Fig. 1B .
The resulting rate constants are compiled in Table 1 and shed light on several aspects of the mechanism. First, the addition and departure of each substrate is independent of the presence of its partner at the adjacent site. The ligands are "insulated" from one another. Consequently, the ligand-protein interactions that facilitate chemistry either are established prior to the addition of the second substrate and/or engage as the system moves toward the transition state. A second insight becomes apparent when the rate constants governing the addition and escape of DHEA and DHEAS are compared. The escape constants (k off ) are identical within error; the ligands are equally "sticky." The coincidence of these numbers supports that the molecular basis of ligand release is, in essence, the same for both ligands and that sulfuryl group interactions do not contribute significantly to release. In contrast, the on-rate constant for DHEAS is unusually small, 4.3 ϫ 10 3 M Ϫ1 s Ϫ1 , and is 2000-fold less than that for DHEA. K d measures the relative affinity of a ligand for enzyme versus solvent. For ligands such as these, whose energetic interactions with enzyme are identical, K d differences are due to solvent interactions. In this case, the increased solvent stability is due to the additional charge added to DHEA by the sulfonate moiety (40) . A third and final insight has to do with identifying the rate-determining steps in the mechanism. The PAP off-rate constants from E and E⅐DHEAS are 1.3 and 1.2 s Ϫ1 , respectively; k cat is 1.3 s Ϫ1 (41). The ratedetermining step in the mechanism is clearly the release of nucleotide. DHEAS departs more quickly than PAP; thus, in the absence of other considerations, 64% of the enzyme is expected to be in the E⅐PAP complex during steady-state turnover. However, this enzyme form can be trapped by DHEA in a dead-end complex, which, as is shown below, is the basis of substrate inhibition.
The Order of Binding-Whether sulfotransferase mechanisms are ordered or random remains an open question. Studies with SULT1A1, which is closely related to SULT2A1, have been interpreted in favor of an ordered mechanism with nucleotide binding first (26, 28) ; however, certain facts suggest a random mechanism (42) . For example, nucleotide and acceptor bind independently to unliganded SULT1A1 or 2A1, and ligand affinity constants (K d values) equal their initial rate kinetic parameters (K i and K m ) (42). Thus, the mechanism is either random with ligand binding near equilibrium during steadystate turnover or ordered with nucleotide binding first.
If the mechanism is ordered, the second substrate (the acceptor) must bind nonproductively to unliganded enzyme; otherwise, the mechanism is random. Isotope trapping was used to distinguish between these alternatives (43) . form product. The 1250-fold excess of unlabeled DHEA ensures that only a small fraction of labeled DHEA (ϳ4%) that dissociates into bulk solution can be converted to product during the 3-s reaction interval. The experiments were performed in triplicate, and the results show that 69 Ϯ 2% of the [ 3 H]DHEA was converted to [ 3 H]DHEAS. These results definitively demonstrate that DHEA productively binds SULT2A1 in the absence of nucleotide and therefore that the binding mechanism is random.
The Interconversion of Central Complexes-The studies described above do not address the kinetics of interconversion of the central complexes. Our pre-steady state work with SULT1E1, an isozyme with high specificity for estradiol (36) , demonstrated a burst of product formation whose amplitude corresponds to one-half of an active-site equivalent. These studies led to the discovery that 1E1, a native dimer, is a halfsite reactive enzyme (36) . If SULT 2A1 produces a similar burst, the rate constant for conversion of the substrate to the product central complex can be obtained, and evidence for half-site reactivity in another member of the SULT family will have been demonstrated.
Pre-steady state quenched-flow experiments were used to assess whether SULT2A1 yields a measurable burst of product.
To circumvent the problem of PAPS hydrolysis, which occurs when nucleotide alone is incubated with SULT2A1 at high concentration (k cat ϭ 0.003 s Ϫ1 ), a two-stage mixing strategy was used. In the first stage, 2A1 and PAPS are rapidly mixed, and binding is allowed to proceed for the minimum time required for binary complex formation to reach 99% completion (0.20 s, 5 ϫ t1 ⁄ 2 ) before mixing with DHEA to initiate chemistry. Virtually none of the PAPS (Ͻ0.6%) is hydrolyzed at 0.20 s after mixing. The protocol was as follows: SULT2A1 (12 M, monomer) is mixed (1:1) with [ 35 S]PAPS (40 M, 133 ϫ K d ), and the solution is aged for 0.20 s and then mixed (1:1) with DHEA (50 M, 46 ϫ K d [E⅐PAPS] ). At these concentrations, the ternary complex (PAPS⅐E⅐DHEA) is essentially completely formed (Ͼ93%) after 50 ms, the earliest time point in the progress curve. The result shows a clear burst of product followed by a linear steady-state phase (Fig. 2) . The burst amplitude corresponds to one-half of an active site equivalent and strongly suggests that SULT2A1 also uses a half-site mechanism. The burst is decidedly linear, indicating that the central complex equilibrium constant strongly favors product. The rate constant for conversion of the substrate complex to product, which is given by the slope of the burst, is 7.5 (Ϯ 0.4) s Ϫ1 . The solid line through the data represents the behavior predicted for these conditions using the constants in Table 1 .
Notably, the rate constant associated with the steady-state phase of the reaction, 0.45 (Ϯ 0.1) s Ϫ1 is within error equal to the rate constant for the release of PAP from the dead-end complex (PAP⅐E⅐DHEA), 0.48 (Ϯ 0.4) s Ϫ1 . Thus, in this phase, the enzyme appears to be primarily in the dead-end complex, and PAP release from this complex appears to be rate-determining.
Thus far, 21 of the 22 rate constants needed for a complete description of the mechanism have been determined. The final constant, which governs the rate at which the central product complex moves back into substrate, was obtained by fitting pro-gress curves. Accurate determination of the constant requires that the reaction proceed solely due to an approach to equilibrium, rather than, for example, loss of activity. Furthermore, it is important that the initial conditions be such that the desired constant contributes to the rate of the reaction. The t 0 condition was as follows: DHEA (1.1 M) and DHEAS (0.50 mM) concentrations were equal to their K d values; [ 35 ] PAPS and PAP were 1.0 M (3.3 ϫ K d ) and 10 M (33 ϫ K d ), respectively. The progress curve for [ 35 S]DHEAS synthesis is plotted along with the associated fit in Fig. 3 . The fit yielded a rate constant of 6 (Ϯ 0.8) ϫ 10 Ϫ3 s Ϫ1 . To ensure that the first plateau corresponds to the equilibrium point of the reaction and that the enzyme activity had not significantly deteriorated, the DHEA concentration was increased to 0.50 M and the response of the system was analyzed. The reaction moved to a new plateau that corresponds to an equilibrium constant identical to that associated with the first plateau, 3.8 (Ϯ 0.7) ϫ 10 4 . Moreover, the fit of the second phase yielded the same reverse rate constant.
DHEA Inhibition-Most SULTs show partial substrate inhibition at physiologically relevant concentrations, and the k cat effects and K i values vary substantially with each inhibitor/substrate (10, 16, 28, 29) . Numerous mechanisms have been used to explain this inhibition, including dead-end complex formation (31, 33, 36) , allosteric regulation (16) , gating (32) , and the binding of multiple substrates in the active-site cavity (34) .
The SULT2A1 mechanism (Fig. 4) only allows substrate inhibition via the dead-end complex. If this mechanism and its rate constants quantitatively predict SULT2A1 inhibition, there is no need to invoke an alternative mechanism. Furthermore, any such alternative would have to supplant the dead-end inhibition model and precisely mimic its effects. To test the ability of the 2A1 mechanism to predict substrate inhibition, a typical , and radiolabeled reactants were quantitated by twodimensional imaging using a STORM system (Nikon Instruments). Each point is the average of two independent determinations. The solid line through the data is not a statistical fit; rather, it is the behavior predicted using the rate constants in Table 1 substrate inhibition dataset was constructed for modeling purposes. To do so, the initial rate of DHEAS synthesis was determined as a function of DHEA concentration (Fig. 5 ). In all cases, DHEA was the concentration-limiting substrate, PAPS was fixed and saturating (30 M, 125 ϫ K d [E⅐DHEA]), and DHEA consumption was Ͻ5% of that. The velocities are normalized to enzyme active-site concentration and plotted as k cat app versus [DHEA]. The solid curve represents the behavior predicted by the mechanism in Fig. 4 using the microscopic rate constants in Table 1 . The close agreement between the predicted and experimental behavior offers very strong support for the dead-end inhibition model. Thus, inhibition occurs because increasing [DHEA] causes it to add more quickly to the E⅐PAP complex, trapping a greater fraction of PAP in the dead-end complex. At saturation, essentially all of the enzyme-bound PAP has been titrated into the dead-end complex. Consequently, as the DHEA concentration increases, the rate-determining step in the catalytic cycle shifts from PAP release from E⅐PAP, k off ϭ 1.2 s Ϫ1 , to its release from the dead-end complex, k off ϭ 0.48 s Ϫ1 .
SULTs harbor a conserved 30-residue active site cap that "sits above" both the nucleotide and the acceptor (35) . Cap closure encapsulates the nucleotide, and cap dynamics govern its binding and departure (42) . It is plausible that DHEA slows PAP release by shifting cap isomerization toward the closed state, thus decreasing the concentration of the open form of the cap, which is the species that allows nucleotide to add and depart. Such a mechanism predicts that DHEA will have identical effect on k on and k off , which is what is observed (Table 1) .
It is notable that partial inhibition (10, 34) is inconsistent with an ordered mechanism in which nucleotide binds first. In such a mechanism, nucleotide cannot escape from the deadend complex until DHEA departs, and thus total, rather than partial, inhibition is predicted as the DHEA concentration approaches infinity.
How General Is the Mechanism?-Although the mechanisms of closely related enzymes need not be identical, they often differ only in the constants of the mechanism, which define specificities and turnover. In humans, there are two main SULT families (44), SULT1 and SULT2. Superposition of the structures of seven different members of the two families reveals that they are nearly identical; their C ␣ root mean square deviation values are less than 1.0 Å ( Table 2 ). The deviations lie primarily in the active-site "caps," which are ϳ30 residues in length and confer much of the specificity differences seen among SULT isoforms (42) . Structures show that members of each of the SULT1 and SULT2 subfamilies form dead-end complexes (16, 33, (45) (46) (47) (48) (Table 2 ). Of the seven subfamily members listed in Table 2 , six are partially inhibited by substrate (16, 28, 29, 31, 49, 50) , and the seventh (SULT2B1b) has not been examined for allowed to reach what appeared to be equilibrium (7.5 h), at which point the DHEA concentration was increased to 0.50 M and the reaction was again allowed to plateau. The rate constant for conversion of the product to the substrate central complex was obtained by fitting the data using the 21 other constants ( Table 1 ) associated with the mechanism (Fig. 5 ). Both phases yielded the same rate constant, 6 (Ϯ 0.8) ϫ 10 Ϫ3 s Ϫ1 , and overall equilibrium constant, 3.8 (Ϯ 0.7) ϫ 10 4 . . Each point is the average of two independent determinations. The solid line through the data does not represent a fit of the data; rather, it is the behavior predicted using the 22 constants listed in Table 1 and the model shown in Fig. 5 . such inhibition. The fact that the structures of these seven subfamily members are nearly identical, that all of them form deadend complexes (a cardinal feature of the current mechanism), and that six show partial substrate inhibition (which argues against the ordered mechanism) strongly suggests that these and other related SULTs share a common mechanism, which has been defined here using a representative member of the SULT family.
Conclusions-The complete kinetic mechanism of human SULT2A1 has been determined. Forward and reverse microscopic rate constants have been determined for each of the steps of the mechanism. This level of mechanistic scrutiny has provided answers to a number of important mechanistic questions in the SULT field. The controversy over whether the mechanism is ordered or random has been resolved; the mechanism is rapid equilibrium random. The equilibrium constant for the interconversion of the central complexes was determined and strongly favors product (K eq ϭ 1.3 ϫ 10 3 ). The amplitude of the pre-steady state burst of product indicates that SULT2A1, like SULT1E1, is a half-site enzyme, suggesting that half-site reactivity may be the rule, rather than the exception. The coincidence of k cat and k off for nucleotide release reveals that release is the rate-limiting step in the mechanism. Numerous mechanisms have been used to explain the partial substrate inhibition observed with most SULTs. Here we show that inhibition is caused by trapping of PAP in a dead-end complex (E⅐PAP⅐substrate), which slows the release of nucleotide.
